Living organisms have adapted to atmospheric dioxygen by exploiting its oxidizing power while protecting themselves against toxic side effects. Reactive oxygen and nitrogen species formed during oxidative stress, as well as high-potential reactive intermediates formed during enzymatic catalysis, could rapidly and irreversibly damage polypeptides were protective mechanisms not available. Chains of redox-active tyrosine and tryptophan residues can transport potentially damaging oxidizing equivalents (holes) away from fragile active sites and toward protein surfaces where they can be scavenged by cellular reductants. Precise positioning of these chains is required to provide effective protection without inhibiting normal function. A search of the structural database reveals that about one third of all proteins contain Tyr/Trp chains composed of three or more residues. Although these chains are distributed among all enzyme classes, they appear with greatest frequency in the oxidoreductases and hydrolases. Consistent with a redox-protective role, approximately half of the dioxygen-using oxidoreductases have Tyr/Trp chain lengths ≥3 residues. Among the hydrolases, long Tyr/Trp chains appear almost exclusively in the glycoside hydrolases. These chains likely are important for substrate binding and positioning, but a secondary redox role also is a possibility.
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iron oxygenases | electron transfer | reactive oxygen species | superoxide dismutase | cytochrome P450 T he dioxygen-rich atmosphere produced by the Great Oxidation Event that occurred some 2.3 billion years ago created tremendous opportunities and challenges for living organisms (1) . Today, the oxidizing power of the O 2 /H 2 O redox pair is coupled to a vast array of essential biological transformations. Foremost among these processes is cellular respiration, consuming over 10 13 mol of O 2 per day in the terrestrial biosphere (2) . Cellular organisms have evolved to exploit the oxidizing potential of O 2 in myriad other processes. The power of O 2 -driven reactions is balanced against the risk from low-fidelity reactions in which substrate oxidation fails, leaving enzymes to cope with highly oxidizing intermediates. For extremely productive enzymes, even a modest descent below 100% fidelity can have extremely deleterious consequences. Dioxygen also is responsible for oxidative stress, one of the central challenges to biological survival in aerobic environments. Owing to their abundance in biological systems, proteins are primary targets of reactive oxygen (ROS) and nitrogen (RNS) species produced by oxidative stress (3) . Protein responses to ROS and RNS attacks are managed by components of the redox proteome through a set of reversible and irreversible posttranslational modifications of amino acids (4). The sulfur-containing amino acids (Met and Cys) can undergo reversible changes in response to ROS and RNS, whereas the oxidative reactions of other susceptible residues (Trp and Tyr) and the protein backbone are generally considered to be irreversible (4) . The redox proteome also may provide protection from high-potential reactive intermediates formed during unsuccessful turnover in O 2 -using enzymes (5, 6) .
Electron transfer (ET) reactions are a critical component of the protein response to an oxidative environment. Several decades of experimental investigations (5, 7), guided by a transparent theoretical model (8) , have produced a clear understanding of single-step ET in proteins. Biological electron transfers frequently are accompanied by proton transfers, introducing an additional complication (9) (10) (11) . Although the details of protein structure and redox thermodynamics must be taken into account when considering individual cases (12) , tunneling timetables indicate that 20-25 Å is the maximum distance that an electron (or hole, in the case of high-potential reactions) can transfer on submillisecond timescales (5, 7) . When biological exigency requires electrons (holes) to move farther or faster, multistep tunneling (hopping) reactions come into play (13, 14) .
Electron (or hole) hopping in proteins can involve a series of redox cofactors as in Complex I (NADH dehydrogenase) of the mitochondrial respiratory chain (15) (16) (17) . The side chains of select amino acids also can serve as waystations for redox hopping reactions, with Cys, Met, Trp, and Tyr being the most likely candidates (18) . Hole transfer reactions are more common in Tyr and Trp, whereas Cys and Met tend to undergo two-electron bond-making/breaking transformations (4, 19) . Clusters of Tyr and Trp residues, therefore, could act as conduits for high-potential holes in proteins. Indeed, hole transfer chains composed of Tyr and Trp residues have been identified in several enzymes, including ribonucleotide reductase (20) , DNA photolyase (21), cytochrome c peroxidase (22) , and cytochrome c oxidase (23) .
Aromatic amino acid clustering in protein primary sequences (24) and tertiary structures (25, 26) is usually attributed to polypeptide fold stability, protein-protein recognition, and ligand binding (27) . In addition to these roles, we suggest that clusters and chains of Tyr and Trp residues also protect proteins from oxidative damage; this proposal is supported by findings from a search for Tyr/Trp chains in the protein structural database. More to the point, we have discovered correlations between the occurrence of these chains and the biological functions of the proteins in which they reside.
Significance
Proteins and enzymes are susceptible to oxidative damage and inactivation from reactive oxygen and nitrogen species formed as a consequence of oxidative stress. They also are at risk from oxidizing intermediates formed during enzymatic turnover. A survey of the protein structural database has revealed that one third of structurally characterized proteins contain chains of redox-active tyrosine and tryptophan residues. These chains can protect proteins from damage by transferring oxidizing equivalents away from critical active site regions and delivering them to surface sites for scavenging. 
Results and Discussion
Using functions from the MATLAB Bioinformatics Toolbox, we searched for linear and branched redox chains in 89,761 of the 89,802 protein X-ray crystal structures available in the Research Collaboratory for Structural Bioinformatics (RCSB) Protein Data Bank (PDB; www.rcsb.org) (28) on April 2, 2015. We screened initially for linear chains comprised of redox-active amino acids (Tyr and Trp) and selected heteroatom residues (heme, Fe, Cu, NADH, and TPQ). As not all Tyr residues are redox active, owing to the acidity of the tyrosine radical cation (pK a ∼ −1) (29), only those that had suitable proton acceptors [carboxylate (Asp and Glu) O atoms, imidazole Nπ or Nτ atoms, and O atom from H 2 O] within 4 Å of the phenolic oxygen were included in the search. A matrix was generated describing distances among all redox-active residues of all polypeptide chains in a protein. Distances were defined as the shortest separation between aromatic side chain atoms of Trp and Tyr and any of the heteroatom residues. We refined the distance matrix by defining as infinite any separations greater than a specified ET cutoff (5, 7.5, and 10 Å). These cutoff distances correspond to estimated time constants for electron exchange (−ΔG°= 0; λ = 1 eV; T = 295 K) between residues of ∼20 ns, ∼250 ns, and 4 μs, respectively (5, 7, 8) . The shortest paths between all possible pairs of redox-active residues were found using a MATLAB implementation of the Floyd-Warshall graph theory algorithm written by David Gleich (www.cs.purdue.edu/homes/dgleich/ packages/matlab_bgl). This algorithm identified the shortest linear chains among all redox-active residues; these linear chains were subsequently analyzed for common residues to identify branched redox chains.
To avoid redundant structures, statistical analyses of the redox chains were restricted to protein structures defined by the PDB to have less than 90% sequence identity. This restriction reduced the size of the unique data set to 27,355 structures. For the purposes of the statistics discussion, we restrict consideration to chains found using the 5-Å ET cutoff and further require that at least one member of the chain be a solvent exposed residue. The distributions of linear and branched chain lengths in this dataset are shown in Fig. 1 : the mean linear chain (MLC) length is 2.18 residues, and the mean branched chain (MBC) length is 2.34 residues. Results for the 7.5-and 10-Å cutoffs are given in SI Appendix, Figs. S1 and S2. As expected, the inclusion of redox chain branching produces a modest increase in mean chain length.
Approximately one third of the protein structures contain long redox chains composed of ≥3 residues. The distribution of these structures among the six enzyme classes (Fig. 2 role; the large proportion among the hydrolases, where acid-base mechanisms tend to predominate, is somewhat surprising. The breakdown of long redox chains among subclasses of the oxidoreductases ( Fig. 3 and SI Appendix , Table S3 ) reveals that about half (EC 1.4, 1.5, 1.7, 1.9, 1.10, 1.12, 1.13, 1.14, 1.15, and 1.17) have above-average (>37%) long-chain frequencies. Among the oxidoreductases that react with O 2 , with or without incorporation of O atoms into substrate (542 structures), only 12% have no chains, and ∼50% have linear chains composed of three or more residues.
The 13 structures in the EC 1.9 subclass are composed largely of cytochrome c oxidases. EPR investigations have identified a potential radical transfer pathway from Tyr244 through Trp236 to Tyr129 (bovine numbering) during catalysis (23) . Our search of the bovine enzyme structure [PDB ID 3AG4 (30)] identified a six-member branched pathway (7.5-Å ET cutoff, no solvated residues) that included these residues along with the Cu B center, Trp126, and Trp288. With the 10-Å ET cutoff criterion, we identified several branched chains of >30 residues spanning multiple polypeptide chains.
Enzymes that react with superoxide as an acceptor (EC 1. (Fig. 4) . It is striking that long Tyr/ Trp chains are so much more prevalent in the mitochondrial enzyme than in the cytoplasmic or extracellular proteins. Mitochondrial enzymes as a group (402 structures) exhibit belowaverage occurrence of long chains (31% of structures, MLC 2.16). The role of SOD2 in managing high levels of mitochondrial ROS (35) might necessitate additional endogenous antioxidant protection afforded by the Tyr/Trp chains (36) . The Tyr/Trp chains could deliver oxidizing equivalents to Cys or Met residues during conditions of oxidative stress. Alternatively, ROS-generated Tyr or Trp radicals at the protein surface could be reduced by the pool of glutathione (GSH) available in the mitochondrion (37) .
The EC 1.14 oxidoreductase subclass of enzymes acts on paired donors, with incorporation or reduction of molecular oxygen. These enzymes include the 2-oxoglutarate dependent nonheme iron oxygenases and the cytochromes P450. The fiveresidue linear hole-hopping chain (5-Å ET cutoff) identified in a mitochondrial cholesterol metabolizing cytochrome P450 [CYP11A1, PDB ID 3N9Y (38) ] is a notable example. CYP11A1 is expressed in steroidogenic tissues and is responsible for the first step in the biosynthesis of steroid hormones, catalyzing the conversion of cholesterol to pregnenolone in three turnovers, requiring one O 2 and one NADH molecule per step (39) . A high-potential Fe-oxo (Cpd I) species has been implicated in each of the two hydroxylation and one carbon-carbon bond cleavage reactions required to produce pregnenolone (38, 40) . If substrate is not available and properly positioned for reaction, the powerfully oxidizing Cpd I intermediate could attack surrounding residues or the porphyrin itself (41) . The configuration of the five-residue Tyr/Trp chain in CYP11A1 can protect the enzyme from such damaging side reactions. The chain begins at Trp87, located 9.6 Å from the heme Fe atom. The position of this gateway residue is critical for effective enzyme protection: Linear Chains with ≥3 Residues (% of structures) too close to the heme and it outcompetes substrate for reaction with Cpd I; too far away and it fails to prevent active-site damage. Once a hole reaches Trp87, it would rapidly transit through Trp231 and Tyr90 and arrive at a pair of surface-exposed Tyr residues (Tyr93 and Tyr94; Fig. 5 and SI Appendix, Fig. S3 ). The two Tyr residues lie near the water channel that faces the mitochondrial matrix (38) . ET kinetics simulations (SI Appendix) indicate that a high-potential (E°∼ 1 V vs. NHE) hole localized on the heme would have a ∼3-μs (SI Appendix, Fig. S4 ) survival time before it transferred to the protein surface along this pathway. Hence, substrate reaction with Cpd I must occur on a submicrosecond timescale to prevent hole migration to the surface Tyr93/94 residues. Although pregnenolone production is reported to be reasonably well coupled to NADH consumption in CYP11A1 (42), the pathway illustrated in Fig. 5 and SI Appendix, Fig. S3 , would protect the enzyme active site in the event of unsuccessful substrate reaction with Cpd I during catalysis. Alignment of the amino acid sequences of CYP11A1 from the 13 species identified in the UniProt/Swiss-Prot database (www.uniprot.org) indicates that the five residues in the Tyr/Trp chain are almost fully conserved (SI Appendix, Table S4 ). The presence of analogous hole transfer pathways in cytochromes P450 may explain the difficulty in isolating Cpd I intermediates in these enzymes (43, 44) . In this regard, it is notable that long hole-hopping chains are relatively uncommon among enzymes that act on peroxide (Fig. 3 Fig. S6 ).
The structure of the methane monooxygenase from Methylococcus capsulatus (Bath) [PDB ID 1MTY (46)] exhibits a remarkably long branched Tyr/Trp chain (19 residues, 5-Å ET cutoff; SI Appendix) adjacent to (8.5-Å separation) a four-residue linear chain (Tyr251, Tyr324, Trp313, and Trp317; Fig. 7 and SI Appendix, Fig. S7 ). Both the linear and branched chains are (38) ] in complex with its redox partner adrenodoxin (orange ribbon). The purple ribbon highlights the inner mitochondrial membrane interaction zone, the cyan ribbon shows the hydrophilic water channel, and the cholesterol substrate is brown (38) . The linear five-member Tyr/Trp chain is shown in red. coupled to surface Tyr residues (Tyr-324, Tyr251, and Tyr380). The di-iron active site is closest to the linear chain (11.5 Å to Trp317 and 13.3 Å to Trp317); the distance to the closest branched chain residue (Trp308) is 14.5 Å. The estimated survival time for a high-potential Fe IV center in the enzyme active site is ∼9 μs (SI Appendix, Fig. S8 ). As with CUP11A1 and KDM4A, the positions of the residues closest to the active site are critical for determining survival times of the reactive intermediates.
A breakdown among subclasses of the hydrolase data reveals that long chains occur with greatest frequency in glycosylases (EC 3.2; Fig. 8 and SI Appendix, Table S5 ). Over 70% of the 863 glycosylase structures have redox chains of three or more residues (MLC 3.54), compared with a value of 43% for all hydrolase structures. Just two of the hydrolase subclasses have long redox chain frequencies comparable with the EC 3 average (EC 3.4, peptide hydrolases, 1,144 structures, MLC 2.50; EC 3.7, C−C bond hydrolases, 16 structures, MLC 2.38); the remaining subclasses have frequencies far below average. Clearly, it is the glycosylases alone that are responsible for the high frequencies of long chains among hydrolases. The occurrence frequencies of Tyr and Trp residues among classified (UniProt/Swiss-Prot) EC 3.2 protein sequences are 39% and 100% higher, respectively, than database averages, whereas the occurrence frequencies of the other two aromatic amino acids are just slightly above averages (Phe, 5%; His, 8%). The two members of the glycosylase subclass hydrolyze O-and S-glycosyl compounds (glycoside hydrolases, 3.2.1, 747 structures, MLC 3.75, 79% ≥3 residues) and N-glycosyl compounds (3.2.2, 114 structures, MLC 2.23, 35% ≥3 residues). Clearly, the glycoside hydrolases have Tyr/Trp chains far in excess of PDB averages. The consensus mechanism for glycoside hydrolases involves one amino acid residue to serve as a proton donor and another to act as a nucleophile (47) . The preponderance of aromatic residues in glycoside hydrolases has been attributed to a central role in substrate recognition and binding (48) (49) (50) . No redox function has been identified in most of these enzymes, and it is probable that long Tyr/Trp chains are involved simply in substrate recognition and binding as well as fold stability. Given the susceptibility of Tyr/Trp chains to long-range hole migration, a protective redox function during times of oxidative stress is an additional possibility. The discovery that some members of the glycoside hydrolase family are lytic polysaccharide mono-oxygenases (51), however, raises the possibility that more members of the glycoside hydrolase subclass might use high-potential redox reactions in catalysis.
Concluding Remarks
The susceptibility of Tyr and Trp residues to oxidation at potentials near 1 V vs. NHE creates opportunities for their involvement in a wide assortment of biological redox processes. Incorporation of these residues into extended chains can enable long-distance transfer of oxidizing equivalents across proteins. The mitochondrial SOD2 and CYP11A1 enzymes operate in the O 2 -processing compartment of the cell where the risks of ROS and RNS are high and maximum protection is required. The Tyr/ Trp chains identified in these proteins could provide protection by transporting potentially destructive high-potential holes away from the enzyme active sites. Our analysis of the protein structural database has revealed that extended Tyr/Trp chains are quite common, even among proteins that have no well-defined redox function. The mere presence of such chains does not imply a redox function, but current understanding of long-range ET reactions highlights their potential to serve as hole conduits in polypeptide structures.
Materials and Methods
Structure Searches. The RCSB Protein Data Bank coordinate files were accessed using functions from the MATLAB (The MathWorks, Inc.) Bioinformatics Toolbox. Redox chain results for individual proteins are available from the authors upon request.
Confidence Intervals. Confidence intervals from bootstrap statistics were determined using 10 4 bootstrap samples with the bootci function from the Statistics Toolbox in MATLAB.
Kinetics Simulations. The rate laws for intraprotein electron hopping reactions are a set of coupled first-order linear differential equations. Numerical solutions of these equations were obtained using the eig function in MATLAB. Electron transfer rate constants for individual reaction steps (k ET ) were calculated according to Eq. 1 (where ΔG°is the standard free energy change for the electron transfer reaction and R is the gas constant) (5-8). Reorganization energies (λ) for all reaction steps were set equal to 0.8 eV, the exponential distance decay parameter (β) was taken to be 1.1 Å -1 , the temperature (T) was taken to be 295 K, and the contact distance (r o ) was taken to be 3 Å. Distances (r) were defined as described in the main text, except for hemes where distances were defined to be to the Fe center. The driving force for the first electron transfer step to the chain was defined as -ΔG 1°, and the driving force for electron transfer from the originating residue to the terminal residue(s) was defined as -ΔG Linear Chains with ≥3 Residues (% of structures) Fig. 8 . Distribution among hydrolase subclasses of protein structures with linear redox chains ≥3 residues in length (5-Å ET cutoff, at least one solvent exposed residue). Error bars indicate 95% confidence interval from bootstrap sampling statistics.
